Abstract. Experimental investigations of sawteeth interaction with fast ions measured by collective Thomson scattering (CTS) on TEXTOR are presented. Time-resolved measurements of localised 1D fast-ion distribution functions allow us to study fast-ion dynamics during several sawtooth cycles. Sawtooth oscillations interact strongly with the fast ion population in a wide range of plasma parameters. The phase space density for large velocities along the resolved direction oscillates out of phase with the sawtooth oscillation during hydrogen neutral beam injection. These oscillations are interpreted to originate from fast hydrogen ions with energies close to the full injection energy. At lower energies the fast ions in the plasma centre are strongly redistributed. The redistribution of fast ions from deuterium neutral beam injection in the plasma centre is dependent on the resolved direction. We find no evidence of inverted sawteeth outside the inversion radius in the fast ion distribution function.
Introduction
Fast-ion confinement in tokamak plasmas is essential for operation of fusion power plants. Ignition in a tokamak reactor relies on good confinement of the fusion born alpha particles which need to transfer their energy to the bulk plasma before they leave the plasma. Expulsion of fast ions from the plasma would result in a lower efficiency and may also damage the tokamak wall. A number of plasma instabilities have been found to interact with fast ions [1] [2] [3] [4] . Amongst these instabilities is the sawtooth instability. Sawteeth are periodic oscillations in electron pressure which occur in tokamaks when the safety factor, q, is below unity in the plasma centre [5] . In a typical sawtooth cycle the electron temperature and density, and hence the electron pressure, slowly build up and then suddenly drop at an event called the sawtooth crash. Large sawtooth crashes have been reported to trigger neoclassical tearing modes [6] which degrade the plasma confinement and may lead to a disruption of the plasma. The trigger mechanism for the sawtooth crash is believed to be a kink mode which rapidly grows in the last few milliseconds before the crash. The kink mode is driven unstable when two conditions are fulfilled: (1) the local magnetic shear in the vicinity of the q = 1 surface is above a critical value, and (2) the change in ideal potential energy of the kink mode, δW = δW t + δW f , is below zero [7] . Here δW t and δW f are the bulk plasma and the fast particle contributions, EXW/P7-20 respectively. Large populations of passing fast ions are believed to prolong the sawtooth period through the δW f term. Under many conditions the presence of fast ions in the plasma centre prolongs the sawtooth period [7] [8] [9] , but it can in certain circumstances with large fractions of trapped fast ions also shorten the sawtooth period [10, 11] . A large effort has been made to control the sawtooth period by fast particles or localised current drive [6, 12, 13] . On the other hand, sawteeth are also known to react back on the fast ion population during the sawtooth collapse. Measurements done just before and just after a sawtooth collapse indicate that in some conditions the sawtooth collapse itself is associated with a reduction of the central fast ion population of up to 50% [14] [15] [16] [17] [18] . The sawtooth collapse is also believed to reduce the fast ion density in certain parts of phase space. The part of the fast-ion phase space density with energies below a critical energy, E c , is reduced significantly in the plasma centre according to theory. Above E c the reduction is highly energy and pitch angle dependent and is strongly related to the magnetic topology [19, 20] . In this article we investigate the evolution of the fast ion distribution in TEXTOR during sawtooth oscillations. The plasma is heated with neutral beam injection (NBI). We find that the phase space density of fast hydrogen ions with energies close to full beam injection energy oscillates out of phase with the sawtooth oscillation. The phase space density of these ions is almost unaffected at the time of a sawtooth crash. Contrarily, the phase space densities of ions with intermediate energies are significantly reduced over sawtooth crashes. In section 2 we give a brief introduction to fast ion collective Thomson scattering (CTS) followed by a description of the experimental setup in section 3. Section 4 deals with the measured CTS spectra before and after a sawtooth collapse. In section 5 we describe the fast-ion development during the sawtooth cycle and at the time of the sawtooth crash. The dependence of the 1D fast ion distribution function on the radial position and on the projection direction is investigated in section 6, and finally we draw the conclusions in section 7.
Collective Thomson scattering
CTS is a versatile diagnostic with which several plasma parameters can be determined. CTS has previously been used to measure the ion temperature [21, 22] , and the technique has also been used to obtain the 1D fast-ion velocity distribution function, g (u) . This was demonstrated on JET [23] where g(u) was measured in a few discharges and on TEXTOR where even the time-resolved g(u,t) for a wide range of plasma parameters was obtained [24] [25] [26] . Recently, results were obtained with a fast-ion CTS system on ASDEX Upgrade [27] . A CTS system for ITER is also foreseen [28] [29] [30] [31] . CTS diagnostics use high power incident probe radiation, typically from gyrotrons, to scatter off plasma fluctuations. Part of the scattered radiation is collected by a receiver. The wave vector and the frequency of the resolved fluctuation are given
where the superscripts i and s refer to the incident and scattered waves, respectively. When the Salpeter parameter [32] , α = (k δ λ D ) −1 , is above unity, the scattered radiation is dominated by the motion of the ions. Here λ D is the Debye length. The frequency, ν δ , of a wave vector component, k δ , of the fluctuations driven by a particular ion is given by ν δ ≈ v ion · k δ /2π. Here v ion is the velocity of the ion setting up the fluctuation. The measured CTS spectra are used to infer the fast-ion velocity distribution projected onto
is the ion velocity distribution function in the scattering volume where probe and receiver beam patterns intersect. The CTS spectra also depend on a number of plasma parameters such as electron density, magnetic field and plasma composition which are of secondary interest in this study and are referred to as nuisance param-eters. The parameters of interest, namely g(u), are obtained by a Bayesian least square fit with nuisance parameters [33] . Most of the nuisance parameters are known from other diagnostics with a given uncertainty and contribute to the prior information. The result is then the posterior probability distribution function which is the product of the likelihood and the prior probability distribution functions. By changing the scattering geometry, various projections of the fast-ion distribution function can be measured at various locations. By changing the resolved angle, φ = (k δ , B), and keeping the beam overlap at a similar position in the poloidal cross-section, (R, z), anisotropy in the 2D fast-ion distribution function, f (v || , v ⊥ ), can be resolved [27] . We will demonstrate this in section 6 for the two scattering geometries shown in figure 1: both have a scattering volume located within the sawtooth inversion radius. Geometry (1) resolves the projected fast-ion distribution function nearly perpendicularly to the magnetic field (φ = 83 • ) while geometry (2) resolves it at an angle of φ = 39 • . 
(2). (Dashed line): magnetic axis, (dotted line): sawtooth inversion radius. (b): tokamak cross-section with geometry (1).

Experimental setup
In TEXTOR (major radius 1.75 m, minor radius 0.45 m) fast ion populations are created using two NBIs and ion cyclotron resonance heating. In the experiments reported here, we use cocurrent NBI with hydrogen or deuterium to heat the plasma for long sawtooth periods [34, 35] . The NBIs at TEXTOR are tangential with a tangency radius of 1.65 m such that many fast ions are born with small pitch angles in the centre. The NBI acceleration voltage is kept at 50 kV for all discharges and the injection power is typically about 1.3 MW. The CTS diagnostic uses a gyrotron with ν i = 109.97 GHz and P i ≈ 150 kW for probing radiation [36] . The probe and receiver beam patterns are arranged such that the scattering volume has a typical radial extension ∼10 cm. The scattering signal is detected by a heterodyne receiver system which uses notch filters to block gyrotron stray radiation. It furthermore consists of 42 frequency channels covering the frequency range from 107 to 113 GHz with bandwidths between 80 and 750 MHz. The CTS receiver is described in details in references [37, 38] . During CTS experiments, the magnetic field on axis is set to 2.6 T. This keeps the cold 110 GHz resonances outside the plasma. In order to separate the CTS fast-ion signal (∼1-10 eV) from the background electron cyclotron emission (ECE) (∼10-100 eV), the gyrotron is modulated with a 50% duty cycle with 2 ms on and 2 ms off, resulting in a time resolution of 4 ms. An overview of the discharges considered in this article is shown in table I. First we will consider a plasma heated with hydrogen NBI. Hydrogen beam ions are accelerated to higher velocities than deuterium beam ions for a given voltage. There are therefore larger fast ion populations present in the plasma if the hydrogen NBI is used. 4. Changes in spectral power density at sawtooth collapse A theoretical spectrum for plasma parameters prior to a sawtooth collapse is shown in figure  2(a) . In TEXTOR, the CTS signal with frequency shifts of a few 100 MHz from the gyrotron frequency carries information about the bulk plasma. When the frequency shift is larger than ∼700 MHz, the signal carries information about supra-thermal ions. We now consider how a theoretical CTS spectrum could be expected to change over a sawtooth crash. The sawtooth crash is modeled as drops in electron density and temperature by 30% and 20%, respectively. In the model the bulk ion density is linked to the electron density via the assumption of quasi-neutrality. The other parameters are assumed constant over the crash. The plasma and geometry parameters were chosen to model discharge #111833. The result is shown in figure 2(a) . The blue line represents the CTS spectrum before a sawtooth crash. The fast ion distribution has been computed with a Fokker-Planck solver assuming that hydrogen is injected into a homogeneous plasma [25] . The pitch angle and birth energy distribution (E, E/2, E/3) model the TEXTOR NBI. The green line shows the CTS spectrum after the model sawtooth crash with a reduction of the electron temperature and density only (model 1). The decrease in the electron density causes the bulk part of the spectrum to drop. The drop in electron temperature causes the width of the bulk part of the spectrum to change slightly. The black line represents a CTS spectrum with the same reductions in densities and in temperature and with additional reductions in bulk ion drift velocity by 30% and in fast ion density by 60% (model 2). The change in drift velocity causes the spectrum to shift in frequency (in this case to lower frequencies), and the reduction of the fast ion density causes the wings of the spectrum to drop. The relative differences between after and before the sawtooth crash, (S post − S pre )/S pre , for the two basic sawtooth models are shown in figure 2(b) . The relative difference is nearly symmetric about the probe frequency if only the electron density and temperature decreases over a sawtooth crash. If also a fast ion density drop and a change in drift velocity are included, the relative difference becomes more complicated. The relative difference in the spectral power density over a sawtooth crash in discharge #111833 is overlayed in figure 2(b) . The black line captures most of the trends observed in the measured data. Sawtooth oscillations are observed in the spectral power density when the scattering volume, or a part of it, is placed within the q = 1 surface. The sawtooth oscillations are always present in the bulk channels. Depending on the resolved angle, the electron density and the fast ion species, the oscillations are also present in fast ion channels with different relative crash sizes. The spectral power density time traces of three representative CTS channels (out of 42) are shown in figure 3: one bulk channel at 109.51 GHz (< ν fast-ion channels.
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FIG. 2. Absolute and relative changes in the CTS
Reduction of fast ion density prior to crash
In discharge 111833 the fast ion distribution was measured during a flattop co-current hydrogen NBI heating phase. The CTS geometry was such that the scattering volume was located in the plasma centre at R = 1.79 m with a resolved angle, φ, of 110 • . During this phase the sawteeth in the plasma centre were reproducible with a constant period of 40 ms. The fast-ion velocity distributions were inferred from the measured spectral power densities and the given values for the nuisance parameters for this discharge. The time traces of three CTS velocity nodes are shown in figure 4(a) for u = 1.3, 1.6 and 1.9 × 10 6 m/s together with the central electron temperature. The fast-ion density with projected velocities of u = 1.3 × 10 6 m/s and u = 1.6 × 10 6 m/s show typical sawtooth behaviour similar to the electron temperature in the top of the graph. At the time of the sawtooth collapse these parts of the fast-ion phase space are reduced by about 40%. Nevertheless, the fast ion velocity node with u = 1.9 × 10 6 m/s does not exhibit typical sawtooth behaviour. The shape of this time trace follows an oscillation which starts growing at the beginning of the sawtooth cycle, peaks half way within the sawtooth period and then gradually decreases until the time of the sawtooth collapse where the minimum is reached. This feature is magnified in figure 4(b) which is a logarithmic version of figure 4(a) .
In the following we put forward a hypothesis which could explain the observed data. Figure 4 shows that a portion of the fast ion phase space density decreases before the crash. δW f therefore drops before the sawtooth crash. If this drop is larger than any change in δW t , this premature EXW/P7-20 disappearance of fast ions may indeed be the cause of the crash. The sawtooth collapse itself reacts back on the fast ion population and expels fast ions with energies below a critical energy, E c [20] . The value for E c in this discharge is estimated from reference [20] to be in the range 50-200 keV (3 − 6 × 10 6 m/s for hydrogen ions). This should be compared with the birth energies of the fast ions, E 0 , E 0 /2 and E 0 /3, where E 0 = 50 keV. Thus most fast ions have energies below E c and some fast ions might have energies close to E c . The fastest ions with energies close to the injection energy E 0 are not reduced over the sawtooth crash (u = 1.9 × 10 6 m/s in figure 4 ) which supports the theory that a critical energy exists and indicates that their energies are above the critical energy. The critical energy would then be estimated to lie below 50 keV.
Fast-ion dynamics dependence of position and resolved angle
A series of discharges were performed with identical plasma target parameters for a number of different CTS scattering geometries. The CTS geometries and plasma parameters are summarised in table I. The scattering volumes are visualised in figure 5 . The scattering volumes shown in figure 5 (left) have a resolved angle, φ, close to 80 • and for the geometries displayed in figure 5 (right) φ is around 40 • . Two scattering volumes are located well within the q = 1 region (red). In these two discharges the resolved angles were 39 • and 83 • , respectively. The other three scattering volumes are located just outside, or partly within, the q = 1 region. The precise location of the q = 1 surface is not well known as no soft x-ray data is available for these discharges.
EXW/P7-20 The relative difference in the spectral power density for the discharges with the scattering located within the q = 1 surface (#106726, #106737) show the same features in the bulk channels as illustrated in figure 2(b) . In discharge #106732 the scattering volume was partly located within the q = 1 surface and the relative difference in the bulk channels show similar features at a reduced level. Discharge #106735 and #106742 did not show any strong reproducible features during a sawtooth cycle. The fast-ion velocity distributions have been obtained for these discharges. To increase the signal to noise ratio we define the partial 1D fast-ion density for a given resolved angle, φ, as N 
Conclusions
We have presented measurements of the 1D fast-ion velocity distribution function, g(u), at different radial locations in the plasma centre with different resolved angles. In a hydrogen NBI heated plasma, the 1D fast-ion velocity distribution decreases for velocities lower than a critical velocity at sawtooth collapses. Above this velocity, for these plasma conditions, g(u) oscillates out of phase with the sawtooth cycle such that the maximum of the oscillation lies halfway through the sawtooth period and the minimum at the sawtooth collapse. This behaviour can qualitatively be explained by classical slowing down. In deuterium NBI heated plasmas, g(u) shows sawtooth oscillations in the plasma centre when resolved 39 • to the magnetic field whereas no strong evidence of sawtooth oscillation is found for a resolved angle of 83 • . Outside the q = 1 surface we find no correlation between g(u) and the sawtooth cycle.
